Introduction
Since the discovery of solid-phase peptide synthesis (SPPS) by Merrifield [1] , the peptide field has suffered a dramatic change in a wide set of points such as the development of new solid supports, the discovery of highly efficient coupling reagents and additives, as well as the fashionable design of linkers and protecting groups. Consequently, the solid phase peptides synthesis is considered the most efficient way to synthesize a broad number of complex molecules.
Into the complete process of the SPPS, a large number of problematic side reactions occur, in consequence during the past decades tremendous efforts have been done in order to avoid this drawbacks that jeopardize the efficiency of this methodology. Amino acid racemization is still an issue in SPPS because of the similarity between the desired product and the concomitant racemic product. In this sense, several factors such as the coupling reagents, the handles or the protecting groups, or even the basic conditions used during the peptide synthesis, could affect directly the integrity of the α-proton, which are able to modulate the amino acid racemization.
Cysteine
In nature, cysteine (Cys) is crucial due to its capacity to confer stability to peptides and proteins, but also constrain the specific conformation of these biomolecules through disulfide bonds [2, 3] . In addition, its use has modernized the chemical synthesis of large polypeptides and proteins by Native Chemical Ligation [4] . Accordingly, Cys is considered one of the most problematic amino acid in SPPS, due to the high instability of its α-proton caused by the proximity of the thiol group, which promotes the racemization of its chiral center. Furthermore, β-elimination, oxidation and alkylation are other examples of potentials Cys side reactions. All these Cys collateral reactions are responsible of the complex peptide crude products obtained during the synthesis of Cys-rich peptides [5] . Nowadays, extensive possibilities to avoid these Cys promoted side reactions have been studied. In that sense, the development of new coupling reagents and additives for SPPS, assisted the by-products minimization [6] . Additionally, special efforts were focused into Cys side chain protection and as a result, a myriad of Cys protecting groups stable to a set of chemical conditions have been developed for their use in SPPS [7] .
Protection schemes
The stability and lability of protecting groups play an important role into the strategy selection criteria for SPPS. While Boc chemistry requires base-labile protecting groups, the Fmoc/tBu strategy involves the use of acid cleavable groups. The conferred stability is related by the kind of binding between the β-thiol group of Cys and the protecting group. As reported in the literature, thioether linkage is the most commonly used thiol protection form, due to the stability under several conditions. Thus, in recent years the development of the most successful protecting groups for Cys are based on this special linkage. In this regard, herein we will focus our attention in acid-labile Cys protecting groups in general, and in the recently developed non-aromatic acid-labile Cys protecting group, in particular.
Acid-labile Cys protecting groups
The conscious design of protecting groups had triggered a myriad of groups, which are stable in a broad range of acidic conditions (Figure 1) . Therefore, the selective protecting group elimination is possible, depending on the acidic conditions used. As a result of years of studies in the field, there are several Cys protecting groups available; some of them are labile in low acid concentration such as Mmt [8] , Trt [9] [10] [11] or Thp [12, 13] ; others are more stable in low concentrations of trifluoroacetic acid (TFA) but cleavable using higher quantity of TFA -Diphenylmethyl (Dpm) [9, 11, 14] , tBu [15, 16] or MBom [17] and moreover, there are groups which are completely stable to TFA and removable using harsh conditions such as HF, for example Bom [18] , Meb or Mob [19] [20] [21] groups.
Fig. 1. Acid-labile Cys protecting groups.
Due to their chemical properties, most protecting groups and linkers used in SPPS [22] are based on benzyl, diphenylmethyl, and triphenylmethyl structures. The mechanisms of elimination are based on the protonation of the thiol group, and followed by the carbocation formation. Herein, the stability of the liberated carbocation in acidic conditions manages the protecting group lability. Consequently, the more acid labile the more stable carbocation [23] . Some factors contribute to their stability such as steric hindrances or field-inductive effects, but the most imperative effect correspond to the electronic delocalization, which increase the carbocation stability [24] .
New generation of Cys protecting groups
Although trityl-, diphenylmethyl-, and benzyl-like scaffolds are the most used for the protection of Cys, in the recent years the studies with S,O-acetal protecting groups has presented extremely low racemization levels [25] . While benzyloxymethyl (Bom) is used for Boc chemistry, 4-methoxybenzyloxymethyl (MBom) and the recently published tetrahydropyranyl (Thp) are compatible with the Fmoc/tBu approach. Regarding the molecular structures (Figure 1) , most of the protecting groups available contain aromatics rings, except tBu, 1-Ada and Thp. In that sense, in the production of protected hydrophobic peptides, the use of bulky protecting groups in SPPS, such as trityl-like scaffolds as well as tBu, 1-Ada, affects their inter/intrachain interaction during peptide elongation and this fact jeopardize the purity of the final product.
Apart of its recent application in Fmoc chemistry [26] , Thp is extensively used as hydroxyl protecting group [27] [28] [29] [30] as well as a linker [31] [32] [33] [34] , due to its chemical properties and its stability in strong bases, and acylating and alkylating agents among others. Accordingly, Thp is an excellent candidate for use in SPPS, but it is known that the main drawback should be the formation of a new stereocenter that leads to diastereomeric mixtures. Nevertheless, as with other protecting groups or linkers, their use is temporary. Consequently, the formation of the stereocenter is not a limitation.
Tetrahydropyranyl (Thp) for Fmoc peptide chemistry
Seeking a protecting group which will be able to decrease the racemization to minimum levels, MBom and Thp could be the choice for Fmoc chemistry. While the MBom presents a straightforward preparation of the protected amino acid unit, Thp is easily introduced into the Cys thiol group by the using a catalytic amount of acid in presence on dihydropyran. Regarding the final protecting group elimination (Figure 2) , in both cases an aldehyde is generated, formaldehyde and 5-hydroxypentanal for MBom and Thp, respectively.
Fig. 2. N-terminal Cys protecting group elimination.
Accordingly, the formaldehyde formation supposes an important drawback because of the hydroxymethylation. An undesirable side reaction is the formation of the thiazolidine (Thz) ring in N-terminal Cys. In that sense, as it was demonstrated for Thp in their use for N-terminal peptides Cys containing peptides [26] , the formation of 5-hydroxypentanal does not create a problem due to the fact that the hydroxyl group present in the molecule, suffer an intramolecular hydroxymethylation, trapping the reactive electrophilic carbon atom. Furthermore, use of these protecting groups in a peptide sequence or C-terminal Cys containing peptides results in extremely low racemization levels (< 1%) for the synthesis of model tripeptides Ala-Cys-Leu (Table 1) . Additionally, when Cys is directly attached to the resin forming an ester bond, Cys racemization and the C-terminal 3-(1-piperidinyl)-alanine formation [35] occurs in a high level during the SPPS process, destroying the integrity of the desired peptide. In that sense, the use of Thp as a Cys protecting group, decrease even those racemization of the Cys α-proton and also the β-elimination followed by piperidine addition, obtaining the undesired 3-(1-piperidinyl)alanine adduct.
Conclusions
The methodological spectrum available for the synthesis of peptides in solid supports, has suffered during several years an impressive transformation. Always seeking to avoid the side reactions, which make the synthesis of this kind of special molecules difficult. In that sense, all the scientific contributions in the field make the SPPS an outstanding and rigorous way to obtain the myriad of interesting small molecules, peptides or proteins. Our recent contribution to the field, the Cys protecting group Thp, demonstrated that now with a lot of work done in the field, it is possible to obtain extremely low racemization levels (<1%). Due to the scientific ambition, the field is tending to reach the synthetic perfection. The question is: will it be possible?
